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Introduction
Hypersaline environments are extreme habitats in which two
main groups of microorganisms are well adapted to grow:
the extremely halophilic archaea and the moderately
halophilic bacteria [19]. The halotolerant bacteria have not
yet been studied in detail, and it is generally accepted that
they do not play a major role in these environments [14, 17].
Besides their high salinity, hypersaline environments may
have high concentrations of other compounds, such as heavy
metals, that strongly influence microbial populations growing
there. To thrive in such environments, microorganisms must
be adapted to both high salt and metal concentrations. 
So far, very little information is available on the
mechanisms of tolerance to heavy metals in bacteria adapted
to live in hypersaline habitats. However, such information is
desirable, as some of these metal-resistant bacteria might be
used as bioassay indicator organisms in saline aquatic polluted
environments or as biological detoxicants. Besides, the
isolation and study of metal-resistant microorganisms might
provide useful information about the ecological role of these
bacteria in heavy metal transformations in natural hypersaline
environments.
High levels of heavy metals can affect both the qualitative
and the quantitative structure of microbial communities.
Several studies have reported that metals influence
microorganisms by affecting adversely their growth,
morphology, and biochemical activities, resulting in decreased
biomass and diversity [18]. However, microorganisms have
evolved resistance mechanisms to deal with metal toxicity,
which include volatilization, extracellular precipitation and
exclusion, binding to the cell surface, and intracellular
sequestration [20]. The isolation and identification of
microorganisms capable of efficient uptake of metals 
of environmental, economical significance is the pragmatic
goal of current research on biological metal removal from
treatable sources [25].
The aim of this study was to isolate and characterize
taxonomically heavy metal-tolerant bacteria from hypersaline
environments polluted by heavy metals which are common
industrial pollutants.
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Summary A total of 232 metal-tolerant bacterial strains were isolated from water
and sediment samples collected in different hypersaline environments located in
Cádiz, Huelva and Morón de la Frontera (Spain). They were isolated on a medium
containing mercury, chromium, cadmium, copper or zinc. These halotolerant isolates
were analyzed by numerical taxonomy techniques by using the simple matching
(SSM) and Jaccard (SJ) coefficients; clustering was achieved using the unweighted
pair group method with averages (UPGMA) algorithm. At the 81% and 83% similarity
level, different numbers of phenons were obtained for Gram-negative and Gram-
positive halotolerant microorganisms. Most of the 48 Gram-negative metal-tolerant
strains studied were grouped into nine phenons, representing the genera
Pseudoalteromonas, Alteromonas, Xanthomonas, Pseudomonas, Alcaligenes and
Enterobacteria. The 72 Gram-positive metal-tolerant strains grouped into eight
phenons, with only 15 strains left unassigned. Most of the isolates were assigned to
the genus Bacillus (seven phenons), and one phenon comprised microorganisms
with phenotypic characteristics similar to those of the genus Celullomonas. 
Key words Halotolerant bacteria · Heavy metal tolerance · Numerical taxonomy ·
Salterns · Hypersaline environments in Spain
Materials and methods
Isolation of strains A total of 232 metal-tolerant bacterial
strains were isolated from water of solar salterns and hypersaline
soils located in Cádiz, Huelva and Morón de la Frontera (Spain).
Samples were collected in sterile plastic containers and were
plated not later than 6 h after collection.
All strains were isolated on a medium containing 0.5%
(w/v) yeast extract (Difco) and the corresponding concentration
of the each heavy metal [15]. The pH of each medium was
adjusted to 7.2. The medium was solidified by adding 20 g per
liter of Bacto-Agar (Difco). The inoculated samples were
incubated at 28°C for 7 days. The five heavy metals tested were
purchased from Sigma Chemical Co. (St. Louis, MO, USA) as
cadmium chloride, potassium chromate, copper sulfate,
mercuric chloride and zinc chloride. Stock solutions were made
in distilled water and were sterilized by filtration through 0.22
µm size membrane filters (Millipore Corp., Bedford, MA,
USA). These solutions were kept at 4°C for no longer than 1
day. The concentrations of the metals used were as follow
(mM): Hg: 0.1; Zn: 2.5; Cd: 5; Cu: 2.5 and Cr: 20. These
concentrations have been suggested in previous studies for the
isolation of metal-tolerant strains [15]. Colonies were isolated
from the plates and successively subcultured in the same
isolation medium to ensure purity.
Reference strains The following reference strains were
also included in this study: Pseudomonas nautica ATCC 27132T,
Halomonas marina ATCC 25374T, Vibrio mediterranei ATCC
43341T, Vibrio splendidus ATCC 33789, Alteromonas macleodii
ATCC 27126T, Pseudoalteromonas haloplanktis ATCC 14393T,
Bacillus insolitus ATCC 23299T, Bacillus licheniformis ATCC
14580T, Bacillus pumilus ATCC 7061T, Bacillus coagulans
ATCC 7050T, Bacillus pantothenticus ATCC 14576T, Bacillus
circulans ATCC 4513T, Bacillus subtilis ATCC 6051T, Bacillus
megaterium ATCC 14581T and Bacillus marinus DSM 1277T.
Characterization of isolates A total of 107 phenotypic
characteristics were determined for each strain. The
characteristics were as follows: Gram reaction, cell morphology,
endospore formation, motility, growth at 0, 0.5, 3, 5, 10, 15,
20, 25 and 30% (w/v) salts concentrations, anaerobic growth,
catalase and oxidase production, H2S production, hydrolysis
of gelatin, casein, starch and Tween 80 [24]. A total of 95
nutritional tests were performed by using the Biolog automatic
identification system (Biolog Inc., Hayward, USA). Gram-
negative strains were grown on isolate medium and the Gram-
positive on the BUGM complex medium, at 28°C for 24 h, and
suspended in prewarmed sterile saline solution (0.85% NaCl),
within the density range specified with a Biolog photometer
model 21101. Immediately after suspending the cells in the
saline solution, the suspensions were transferred into sterile
multichannel pipetter reservoirs and the Biolog GP (for Gram-
positive) and GN (for Gram-negative) MicroPlates inoculated
with 125 µl of the cell suspension per well by means of an 8-
channel repeating pipetter. The inoculated Biolog plates were
incubated at 28°C for 24 h and the results were read with a
MicroPlate Reader using a Microlog 3.50 computer software
to perform automated reading. 
Numerical analysis The 104 differential features obtained
were used for a numerical analysis. Positive and negative results
were coded as 1 and 0, respectively; noncompatible or missing
data were coded as 9. Strain similarities were estimated
separately for each physiological group with both simple
matching [23] and Jaccard [11] coefficients, and clustering was
achieved by unweighted average linkage [22]. Cophenetic
correlation was also obtained in each method [22]. The test
error was evaluated by examining 10 strains in duplicate [21].
These computations were performed with the NT-SYS program
of F. J. Rolf, State University of New York, Stony Brook, NY
(USA), using a VAX-785 computer in the Computer Centre,
University of Sevilla, Spain.
Results and discussion
Since the Biolog plates for the nutritional tests are different for
Gram-negative and Gram-positive bacteria, we selected
randomly 48 Gram-negative and 72 Gram-positive strains for
the numerical analysis. 
We have isolated 232 strains tolerant to at least one of the
heavy metals tested. Cr and Zn were the most tolerated heavy
metals: 43% of strains were tolerant to Cr, and 21% to Zn. Hg
was tolerated by 19% of strains, Cu by 10% and Cd by 8%. In
metal-stressed media, the total numbers of bacteria were 103
to 104 times lower than without metal stress. This effect had
been already reported by others authors [7, 10, 18].
Microorganisms can be classified into different categories on
the basis of their optimal growth rates at different salinities
[13]. According to this classification, the 232 isolated strains
are halotolerant microorganisms (they grow optimally in media
containing less than 0.2 M salt, but can tolerate high
concentrations of salts). 
Of the 232 isolates, 136 strains were Gram-positive and 96
Gram-negative. In nature, metal tolerance is more difficult to
define because, in mixed microbial communities, a metal
concentration which requires tolerance for one given group of
organisms may fall within the normal physiological range of
another. Gram-negative bacteria show more tolerance to heavy
metals than their Gram-positive counterparts and tend to be the
predominant prokaryotes in metal-polluted environments, due
to the structure and composition of their cell walls [6]. However,
in this study Gram-positive was the predominant group (58,6%).
The high percentage of endospore-forming bacteria that we
have isolated might account for this. 
The numerical study of the 48 Gram-negative selected strains
using the simple matching (SSM) coefficient, clustered by the
unweighted average linkage method (UPGMA), gave the
dendrogram shown in Fig. 1. At 81% similarity level, nine
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phenons were defined; 7 strains did not cluster at this similarity
level. The estimated test error was lower than 3.5%, which would
not affect significantly the cluster analysis. The cophenetic
correlation was 0.825. The Jaccard coefficient (SJ) was also used,
but the cluster composition was not markedly affected. Table 1
shows the tests applied and the frequencies of positive characters
that differentiate the nine phenons of Gram-negative non-
halophilic metal-tolerant bacteria.
Phenon A-1 The two strains included in this phenon
clustered at a similarity level of 86%. The reference strain Vibrio
splendidus biotype 2 ATCC 33789 was included in this phenon.
They were motile, facultatively anaerobic and produced H2S.
Gelatin, casein, starch and Tween 80 were hydrolized. The main
differences between Vibrio splendidus ATCC 33789 and our
isolate was the different utilization of organic compounds tested
and the positive result of the oxidase test for V. splendidus,
which was negative for our isolate. Recently, Ortigosa [16]
reported that V. splendidus is very abundant in marine habitats.
Phenon A-2 This group included five strains which were
Gram-negative, strictly aerobic (except one strain), and both
oxidase and catalase positive. The strains were able to hydrolyze
gelatin, casein and starch and produced H2S. Each strain was
tolerant to a different single metal: mercury, chromium or
copper. According to their phenotypic features, the strains of
this group could be assigned to the genera Pseudoalteromonas
or Alteromonas [9].
Phenons A-3 and A-5 These phenons included seven and
four strains, respectively. They produced colonies strongly
yellow-pigmented. They were Gram-negative motile rods,
strictly aerobic (except one strain) and oxidase negative. Most
of the strains were isolated from samples collected in an inland
saltern located in Morón de la Frontera (Sevilla). Gelatin and
casein were hydrolyzed but neither starch nor Tween 80 were.
The strains included in phenon A-5 did not produce H2S
(whereas those of phenon A-3 produced H2S) and they showed
more nutritional versatility than the strains of phenon A-3.
According to their characteristics, the strains of those phenons
could be placed in the genus Xanthomonas [3]; however, this
genus comprises plant pathogens and their relation with marine
environments is not yet known. Further research is in progress
to define properly their taxonomic position. 
Phenon A-4 This phenon contained four related strains
at a similarity level of 86%. They were tolerant to chromium,
motile, facultatively anaerobic and oxidase negative. Gelatin
and starch were hydrolyzed. They were neither caseinolytic
nor lipolytic, and used many organic compounds for growth.
All the isolates of this phenon were considered to be members
of the Enterobacteriaceae [4]. These strains were isolated from
sediments collected in the area of San Fernando (Cádiz). The
high volume of sewage discharged by the urban area directly
or indirectly into marine environments would explain the
presence of these microorganisms in hypersaline environments
that receive seawater from these coastal areas. 
Phenon A-6 Eight strains were clustered in this group,
which included the reference strain Pseudomonas nautica
ATCC 27132T. Most strains were tolerant to mercury. They
were motile, oxidase positive and strictly aerobic (except strain
373), and showed a low, heterogeneous nutritional response.
The main difference between the reference strain and our
isolates was that the former did not produce H2S, and used only
8 of the 95 compounds tested, which were different from those
used by our isolates. This group does not fit in any previously
described bacterial genus.
Phenons A-7, A-8 and A-9 These phenons included five,
three, and three strains, respectively, which showed very similar
phenotypic characteristics. They were motile, oxidase positive
and strictly aerobic (except one strain); gelatin was not
hydrolyzed, except for strains of the phenon A-8. All could use
the following compounds as sole carbon and energy source:
Tween 40, Tween 80, methylpyruvate, acetic acid, α-ketobutyric
acid, L-alanine, L-glutamic acid and L-proline. Most strains
of phenon A-7 were tolerant to mercury; all strains of phenon
A-8 were tolerant to zinc and two of the three strains of phenon
A-9 were tolerant to zinc and the other one to mercury. On the
basis of their features, these strains could be assigned to the
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Fig. 1 Simplified dendogram showing the clustering of strains into 9 phenons
based on the SSM coefficient and unweighted average linkage clustering
(UPGMA), for 48 non-halophilic metal-tolerant Gram-negative bacteria
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suprageneric grouping Pseudomonas-Alcaligenes [9]. However,
there are many species with similar phenotypic features, which
make it difficult to assign them to any specific species of these
genera; their identification would require further studies. 
From a total of 145 Gram-positive, non-halophilic, metal-
tolerant strains, we selected randomly 72 strains for the numerical
analysis. The results of the study of the features of the strains
grouped by means of the SSM coefficient and UPGMA clustering
yielded the dendrogram shown in Fig. 2. The cophenetic
correlation was 0.793. Most of the strains were grouped into
eight phenons at 83% similarity level; 13 strains did not clustered
in any of these phenons. Similar groupings were obtained when
the SJ coefficient was used. The differential characteristics of
the eight phenons are summarized in Table 2.
The strains included in phenons B-1 to B-7 were Gram-
positive, spore-forming, catalase positive and strictly aerobic
or facultatively anaerobic rods, and they were assigned to the
genus Bacillus [5]. 
Phenon B-8 included three non spore-forming Gram-positive
rods. Most strains were motile. They were facultatively
anaerobic, produced H2S and oxidase negative. All of them
could use many compounds as sole carbon and energy source.
These strains could not be assigned to any previously validly
described genus. 
A numerical taxonomy study of metal-tolerant bacteria
isolated from an estuary in Chesapeake Bay (USA) was carried
out by Austin et al. [2]. The isolation medium (glucose-
tryptone-yeast extract agar prepared in an estuarine salts
solution) contained Co, Pb, or Mo at a concentration of 10
mg/l. Mercuric chloride was used at a concentration of 10
mg/l. A 97% of the bacterial isolates were grouped in 12
phenons. The predominant metal-tolerant organisms were
species belonging to Bacillus, Erwinia, Mycobacterium,
Pseudomonas and coryneforms. Nevertheless, our results are
somewhat different from those obtained by these authors,
since Pseudomonas, Pseudoalteromonas, Alteromonas,
Bacillus, Vibrio and enterobacteria were the predominant
groups we found. 
Microorganisms have many mechanisms for their successful
adaptation to the presence of heavy metal ions [8]. Among
these mechanisms, hydrogen sulfide production may act as a
detoxification process through the precipitation of metal sulfides
[1]. The high number of H2S-producing isolates recovered in
this study may indicate that this mechanism is involved. This
finding has also been reported by Jeanthon and Prieur [12],
who studied the diversity of metal-tolerant bacteria isolated
from a hydrothermal vent.
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